Abstract BACKGROUND: Self-buffered aqueous biphasic systems (ABS) are prepared with ionic
Introduction
Aqueous biphasic systems (ABS) are more benign alternatives to replace the conventional liquid-liquid extractions using organic volatile solvents aiming the efficient separation of biomolecules, in which proteins and enzymes are included 1, 2 . ABS are claimed as greener extraction techniques, minimizing the consumption of volatile organic solvents, which could be not only harmful to the environment and human resources, but also for proteins since they could cause their denaturation 3 . Several techniques such as electrophoresis, membrane separation, gel filtration, and affinity chromatography, were adopted in protein separation. However, they are some of the most expensive processes and consequently, are associated to several limitations, namely concerning their scale-up 4 . Traditional ABS consist of aqueous solutions of two polymers (e.g. polyethylene glycol and dextran) or a polymer and a salt. They have been established as an economical method making part of diverse downstream processes. These are claimed as methods exhibiting low-energy consumption, high performance, high
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Accepted Article biocompatibility and suitability for large scale production. Consequently, the ABS processes have been extensively studied for the separation and purification of different biological products.
As promising substitutes for conventional organic solvents, ionic liquids (ILs) have become ubiquitous in the recent literature, due to their diverse properties, which are responsible for them to be useful in a large plethora of different applications 5, 6 . ILs are salts composed of a bulky, unsymmetrical organic cation and an inorganic or organic anion, which have a melting point below 100 °C. The wide structural diversity of ILs allows to adjust their properties, which consequently could improve the protein stability and activity [7] [8] [9] [10] . On the other hand, a variety of hydrophilic ILs was found to form ABS when mixed with aqueous solutions of inorganic or organic salts, 5, [11] [12] [13] and proved to be efficient in the separation of proteins and enzymes 4, [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] .
Moreover, and behind the efficiency of IL-based ABS as separation techniques, their many advantages over the conventional polymer-based systems, such as their lower viscosity and a higher difference in the phases' polarity, 4, 14-29 makes them a more attractive purification tool.
IL-based ABS have been applied as purification techniques of a large range of macromolecules, these including enzymes like horseradish peroxidase (HRP), Thermomyces lanuginosus lipase,
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reported in the last two decades, phosphate salts are still the most applied as salting-out agents.
The phosphate buffer has been used to adjust the pH of the systems considering some specific proteins/enzymes and ABS [32] [33] [34] . However, and contrarily to the pH control by means of the added salt, buffered IL-based ABS can be created with ILs with self-buffering characteristics.
For this purpose, we and the MacFarlane's group 35 because it has an enhanced aptitude to form ABS 41 , and thus lower amounts of phase-forming components will be required to create two-phase systems. After the determination of the corresponding phase diagrams, the BSA partition between both aqueous phases was evaluated and compared with that of tetrabutylphosphonium chloride ([P 4444 ]Cl). Moreover, and having determined and optimized the weight compositions to promote the complete migration of BSA towards the GB-IL-rich phase, the purification of BSA from a bovine serum sample was evaluated. The stability of BSA was also addressed and the molecular-level mechanisms
controlling the BSA extraction to the IL-rich phase were ascertained by COSMO-RS and molecular docking studies. The chemical structure of [P 4444 ]Cl and the GB-ILs prepared in this work are depicted in Figure 1 (the synthetic pathway to prepare the latest is shown in Figure S1 in the Supporting Information). Acetonitrile (purity > 99.7 wt%) was supplied from Lab-Scan (Ireland). Purified water passed through a reverse osmosis and a Milli-Q plus 185 water purifying system was used in all experiments. Sodium nitrate (purity > 99.5 wt%) was obtained from Himedia Labs. Potassium nitrate (purity > 98.0), nitric acid (65 wt%), and potassium hydrogen phthalate (purity > 99. 8) were purchased from Panreac (Barcelona, Spain). The bovine serum sample used was obtained from Sigma-Aldrich (B9433 Sigma), USA, sterile-filtered and stored at −20 °C.
Materials and Methods

Materials
Synthesis and characterization of GB-ILs
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The synthesis of the GB-ILs tested in this work follows the same standard protocols described at the alkali equivalence point.
The Gran plot was used to estimate the carbonate contamination in the titrant and a typical Gran plot is shown in Figure S2 . The product of water pK w = 13.778 at 25 °C and ionic strength I = 0.1 mol·dm -3 KNO 3 were maintained constant during the refinements 44 .
Titrations for protonation constant calculations were performed by combining 0. 
Since pK a = -log(1/K a ), the pK a's values are given by = and = − .
Dynamic light scattering (DLS) measurements
The hydrodynamic radius (R H ) values of the protein were measured at different temperatures using a Zetasizer Nano ZS equipment (Malvern Instruments Ltd., UK). The average R H was calculated from the scattering intensity data using the instrument software. This article is protected by copyright. All rights reserved.
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The spectral region was 400-4000 cm -1 with a resolution of 4 cm -1 and 100 scans. At least 5 measurements were performed for each sample. Second-derivative spectra of the amide I (~1652 cm -1 ) region were used as peak position guides for the Gaussian curve-fitting analysis. The second-derivative and the curve fitting were done using PeakFit v4.0 (AISN software Inc.). The relative amount of α-helices, β-sheets, and turns was estimated by calculating the areas of the bands assigned to a particular substructure.
Phase diagrams and tie-lines
The binodal curve of each phase diagram was determined through the cloud point titration method at 25 (± 1) °C and at atmospheric pressure, as detailed elsewhere 42 . The tie-lines (TLs)
of each phase diagram, including the mixtures compositions for which the extraction of BSA was carried out, were determined by a gravimetric method originally described by Merchuk et al 46 .
In this section, the same procedures described in literature 42 were adopted.
Extraction of commercial BSA
The biphasic systems used for the extraction of BSA were gravimetrically prepared at a fixed common mixture composition: (39.4 ± 0.7) wt % of GB-IL/IL + (15.1 ± 0.9) wt % of salt + water. The aqueous solution added to complete the mixture composition contained BSA at a concentration of circa 0.5 g·L -1 . BSA was quantified by SE-HPLC and further details can be found elsewhere (Taha et al., 2015b) . The wavelength used to quantify the BSA was set at 280 nm whereas the retention time of BSA in the HPLC chromatograms was found to be 9.31 min within an analysis time of 24 min, using the external standard calibration method in the range of 0.001 to 1 g·L -1 of BSA. In this work, three ABS of each IL were prepared and three samples of This article is protected by copyright. All rights reserved.
Accepted Article each phase were properly quantified. Blank controls were always used to ascertain on the rotation times of the ABS phase-forming components.
The extraction efficiency of BSA, (%), was calculated to evaluate the success of each ABS to the extraction of BSA. This parameter describes the ratio between the amount of protein quantified in the IL-GB-rich phase and the sum of the amount of the protein in both phases, as defined in Eq. (8):
where and are the total weight of BSA in the GB-IL-rich and in the potassiumcitrate-rich phases, respectively.
Purification of BSA from a bovine serum sample
After the study and optimization of the partition of commercial BSA, it was evaluated the use of the same systems for the purification of BSA from a bovine serum real sample. The same mixture point (ABS) was adopted and the bovine serum was diluted at 1:40 (v/v) in PBS before use. Each mixture was mixed using a Vortex mixer, centrifuged (10 min at 1000 rpm), in order to achieve the complete partition of the serum content between the two aqueous phases. After the phases' separation, the monomeric BSA and remaining proteins (mostly a BSA dimer) were quantified by SE-HPLC, as described in the previous section. The extraction efficiency was once again determined according to Eq. (8) . Moreover, the recovery yield -Eq. (9) -and purity of the monomeric BSA (target macromolecule) -Eq. (10) -to the GB-IL-rich phase were also determined:
Accepted Article
where , , and the are, respectively, the weight of monomeric BSA in the GB-IL-rich phase, the weight of monomeric BSA in the initial mixture (bovine serum), the peak area of the monomeric BSA and the total area of all peaks corresponding to all proteins present in the bovine serum determined by HPLC in the GB-IL-rich phase. All extractions were carried out in duplicate.
Computational details COSMO-RS modelling: The detailed theory on ''Conductor-like Screening Model for Real
Solvents'' (COSMO-RS) was described in detail by Klamt 47 . This model integrates concepts from quantum chemistry, continuum solvation model (COSMO), electrostatic interaction and extends to statistical thermodynamics, which are recurrently used for predicting the thermodynamic properties of fluids and liquid mixtures. COSMO-RS is used to analyse the electrostatic interaction (E misfit (σ and σ′)), H-bonding (E HB ) and van der Waals (E vdW ) interaction energies of interacting species in terms of the screening charge densities ( , ´) of the respective surface segments -Eqs (11-13) 48 ,
This article is protected by copyright. All rights reserved. . The K OW is obtained through the computation of the ratio of the activity coefficient of the buffer at infinite dilution ( ) in the water-and octanol-rich phases, as indicated in Eq. (14) .
where the superscripts "W" and "O" refer to the water-rich and the octanol-rich (0.726 mole fraction of octanol) phases, respectively.
QSAR-serum albumin binding model, logK(HSA):
The molecular geometries of 
Results and Discussion
The acid-base behavior of the novel GB-ILs
Good's buffers are zwitterionic compounds with two protonation states, the carboxylic/sulfonic (pKa 1 ) and the amino (pKa 2 ) groups. The first acidic sites of Good's buffers are released below
Accepted Article ca. pH 3.0, while the second protonation constants are included in the physiological pH region of pH 6 to 9. The pH-profiles of these GB-ILs were measured in aqueous solution (Figure 2a ) to identify their buffering action, through which it is possible to show their buffering-like region, described by the moderate slope length appearing before the inflection point at high pH. Their buffer capacity is a measure of a buffer's ability to resist changes in pH upon the addition of an acid or base. Mathematically, the buffer capacity (β) is normally defined according to Eq. (15),
where C b and C a , are the number of moles of strong base or acid added per liter. The buffer capacity of the GB-ILs in aqueous solution is shown in Figure 2b . 
ABS phase diagrams
The formation of an ABS depends on the IL type and its concentration, salt type and its concentration, temperature, and also very important the pH. The intensity of the phase-forming ability in each IL-based system relays on the basis of the complex and competing nature of the interactions occurring between the solutes (i.e., ions from the inorganic salt and IL) and water or between the phase-forming components 58 . The phase diagrams provide information about the concentration of phase forming components needed for the design of purification processes using
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ABS. The experimental data corresponding to the ternary phase diagrams determined in this work, as well as the respective correlations, are presented in Tables S2 and S3 in the Supporting Information. For all ABS studied, the top phase corresponds to the IL-rich aqueous layer while the bottom phase is salt enriched. Figure 6A depicts ] cation is already known for its high ability to form ABS with different salts, which easily justifies the easy formation of ABS with all the GB-ILs prepared in this work. The formation of ABS using these GB-ILs is driven by the low affinity of the phosphonium cation for water, since it has a highly positive shielded charge that is surrounded by four hydrophobic alkyl chains. The smaller the affinity for water and/or the higher hydrophobic nature of the IL, the more prone it is to be salted-out 59 by the other phase former, in this case, the potassium citrate salt. Since potassium citrate is a strong salting-out salt 60 , it has a higher affinity for water and thus the GB-ILs are strongly salted-out from the aqueous solution and create a two-phase system. In Figure 6B , the binodal curves are plotted on a molality scale, Accepted Article ammonium-and phosphonium-based ILs were investigated through experimental and theoretical studies 62 . The authors observed that the ammonium cations are more polar than the corresponding phosphonium-based ILs, which is again consistent with the higher ABS phaseforming ability observed for phosphonium-based GB-ILs.
Extraction of BSA using GB-IL-based ABS
The partition of BSA was studied aiming at understanding its preferential migration towards the GB-IL or salt-rich phases. Table 2 presents the BSA extraction efficiency data obtained for the IL-GB-rich phase at a fixed composition and for which the respective phases' compositions are given in Table S4 in the Supporting Information. From the results presented in shown in Figure 7 , as examples. The α-helices of BSA in GB-ILs are higher than the corresponding GBs. The α-helix contents of BSA in the studied ILs follow the order:
[ The evaluation of the BSA aggregation in aqueous solutions of ILs is an important factor to be studied to understand the stabilizing/destabilizing effect of the synthesized ILs through proteins. at 25 ºC is presented in Figure 8 . The size distribution curves of the studied ILs show that the BSA in the presence of 0.05 M of GB-ILs exhibited two peaks at R H = 3.7 nm and R H ≥ 100 nm.
The peak of small particles which appears with a major population is due to the native state of BSA. Meanwhile, the other peak with lower intensity is showing that BSA forms aggregates in these conditions. The size of BSA was increased while increasing the IL concentration from 0.05 M to 0.5 M (Figure 8 ). This indicates that with the increase of the IL concentration, the BSA molecules aggregate forming oligomeric species. However, these oligomeric species are formed without unfolding as observed from the increase of the α-helices of BSA in the (GB-)ILs.
Accepted Article
In with thermal stabilizing effect, 76 where the hydrophobicity and polarity play a significant role in 
Purification of BSA from a bovine serum real sample using GB-IL-based ABS
Proteins are usually present in an original complex media, and in order to evaluate the potential applicability of the IL-based ABS investigated, these systems were applied to purify BSA from a bovine serum real matrix. The GB-ILs-based ABS were evaluated regarding their capacity to extract BSA into the GB-IL-rich phase and to simultaneously remove contaminant macromolecules to the opposite aqueous phase. The analyzed bovine serum sample is mostly composed of two different structural forms of BSA, the monomer (target molecule of this study) and a BSA aggregate (the main contaminant identified in this matrix). Based on the results obtained according to the HPLC chromatograms (Table 5 and Fig. S5 in the Supporting information), and considering the monomer as the target protein, the determined purity of BSA (monomer) in the serum sample is ca. 45 %. Following the same quantification protocol previously applied to study the commercial BSA, the BSA monomer was additionally quantified by SE-HPLC (examples of the chromatograms are shown in Fig. S5 in the Supporting information), indicating that the commercial BSA has a purity of 88 ± 2 %.
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As previously observed with the commercial BSA, all GB-IL-based ABS lead to the complete migration of the BSA monomer from the serum samples to the GB-IL-rich phase, i.e. extraction efficiencies of 100%, and as depicted in Fig. S5 in the Supporting Information which confirms that no BSA is detected at the bottom phase. Table 5 depicts the results of extraction efficiency, recovery yield and purity of the BSA monomer at the GB-IL-rich phase. Remarkably, all the studied systems lead to a decrease on the amount of the BSA aggregates at the IL-rich phase, which results in BSA with a higher purification level when compared to the serum sample -the BSA purity increases from 45 ± 2 % to 92 ± 1 %. Moreover, good recovery yields (from 60 to 80%) have been obtained, as presented in Table 5 . Thus, GB-IL-based ABS can be seen as potential purification platforms for BSA by eliminating protein aggregates and/or other contaminants from complex matrices.
Toxicities of [P 4444 ][GB] against the marine bacteria Vibrio fischeri
To evaluate the ecotoxicity of the five [P 4444 ][GB] ILs, the Microtox ® Acute toxicity test 40, 77 was used. 
Conclusions
The This article is protected by copyright. All rights reserved. Accepted Article of HCl/NaOH at (25.0 ± 0.1) °C. This article is protected by copyright. All rights reserved.
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